The distribution of antigen and pathological changes induced by an experimental infection with Aeromonas hydrophila strain KJ99, and its extracellular products, were studied in two species of fish. The microorganism was disseminated systemically and the haemodynamic and tissue changes were similar to those observed in septicaemia of mammals. Intussusception, degeneration and necrosis of the nervous plexus and muscular layers of the gastrointestinal tract were common findings.
PAPERS
Its identity was confirmed by the amplification of the extracellular haemolysin gene (ahh1) (Hirono and Aoki 1991) , the aerolysin gene (aerA) (GenBank accession number M16495), the Aeromonas labile toxin gene (alt) (Chopra and others 1996) and the stable toxin gene (ast) (Sha and others 2002) using the primers described in Table 1 . Its virulence was confirmed by the results of three consecutive infections of tilapia hybrids carried out before this study.
Production of extracellular products
A hydrophila strain KJ99 was inoculated on to tryptic soy agar (TSA) plates and incubated at 28°C for 24 hours. The bacterial cells were collected in 5 ml phosphate buffered saline (PBS) and 1 ml of the culture was inoculated into 500 ml of tryptic soy broth, incubated at 28°C with continuous shaking for 48 hours, and then centrifuged at 6000 g at 4°C for 60 minutes. The supernatant was filtered through a 0·22 µm nitrocellulose membrane (Millipore) and concentrated 26-fold by dehydration in a 250-7U dialysis membrane (Sigma-Aldrich) at 4°C for seven hours (Santos and others 1988) . The concentrated extracellular products were kept at 4°C until use.
Haemolytic activity The extracellular products (1·5 ml) were diluted from 1:2 to 1:1024 in 0·01M Tris-HCl buffer, pH 7·2, containing 0·9 per cent sodium chloride. Each dilution was mixed with the same volume of a 1 per cent suspension of rabbit erythrocytes and incubated at 37°C for 90 minutes, then centrifuged at 1000 g for five minutes and the absorbance measured at 550 nm in a spectrophotometer (Spectroquant Nova 60; Merck) (Asao and others 1984) . A standard curve of haemolysis was constructed by using the absorbances measured in suspensions of rabbit erythrocytes lysed with distilled water. A haemolytic unit (HU) was defined as the reciprocal of the highest dilution of a sample that lysed 50 per cent of the erythrocytes (Asao and others 1984) .
Proteolytic activity and protein concentration
To determine the proteolytic activity, 500 µl of the extracellular products were mixed with 500 µl casein solution in 0·1M glycine-sodium hydroxide buffer, pH 9·6. The solution was incubated at 28°C for 10 minutes, and then 50 µl 1M trichloroacetic acid was added to stop the reaction. The solution was centrifuged at 6000 g at 4°C for 10 minutes and the absorbance of the supernatant was measured at 280 nm wavelength in the spectrophotometer. Casein mixed with trichloro acetic acid was used as a control. A proteolytic unit (PU) was defined as the quantity that produced a 0·01 increase in absorbance (Khalil and Mansour 1997) . The protein concentration was determined by the method described by Bradford (1976) .
Infectious dose
Serial dilutions (from 10 -1 to 10 -10 ) of the bacteria were made, starting from a concentration of 100 mg of microorganisms/ ml of PBS and 0·1 ml of each dilution was injected intraperitoneally into 10 tilapia hybrids others 1988, Khalil and Mansour 1997) . The fish injected with the original bacterial solution and with the 10 -1 dilution died, but fish injected with the other -2 a dilution of 1:60 (equivalent to 5·8 x 10 7 colony-forming units (cfu)/0·1 ml) was identified as the dose at which clinical signs of the disease occurred, with a minimum survival period of 24 hours. The extract of extracellular products was diluted from 1:2 to 1:1024, and 0·1 ml of each dilution was inoculated intraperitoneally into two fish weighing 10 (1) g. Finally, a 1:2 dilution that induced the desired clinical signs of disease was used for the challenge experiment.
Experimental infection with A hydrophila strain KJ99 and inoculation of extracellular products Twenty-eight white cachama were inoculated intraperitoneally with the infectious dose of A hydrophila strain KJ99. Two infected fish were killed every hour and they and any fish that died were examined. Subsequently, moribund fish were examined at each time until the mortality ceased. The surviving fish were killed 96 hours after the fish had been infected. Seven fish were injected with 0·1 ml PBS as controls, and two of them were killed immediately and the others after 96 hours at the end of the experiment. The same experimental design was used with the tilapia hybrids.
A dose of 0·1 ml of the extracellular products was inoculated into 22 white cachama weighing 10 (1) g and into 22 tilapia hybrids weighing 22 (1) g. Two fish of each species were killed five, 15 and 30 minutes, and one, two, six, 12, 24, 48, 72 and 96 hours later. Seven fish were inoculated with 0·1 ml PBS as controls and two of them were killed immediately and the other after 96 hours at the end of the experiment.
Clinical signs and postmortem examination
Clinical signs were recorded and the fish were anaesthetised with 100 mg/l of tricaine methane sulfonate (MS222; Argent-Lab). The fish were killed by transecting the spinal cord behind the skull for postmortem examination and the gross lesions were recorded.
Histopathology
Samples of liver and kidney from the moribund animals were inoculated on to TSA plates to verify the infection. The fish were fixed in 10 per cent buffered formalin. Samples of the tissues were processed to para ffin wax blocks and sections were stained with haematoxylin and eosin. The isolates of the organism were examined morphologically and by biochemical tests.
Immunohistochemisty
Paraffin wax-embedded sections were used to detect the antigen of A hydrophila strain KJ99 by the indirect immunoperoxidase (IIP) technique (Mayer and Walker 1987) . Specific polyclonal antiserum (anti-A hydrophila strain KJ99) was produced in rabbits and used as the primary antibody. The secondary antibody was recombinant G-protein conjugated with peroxidase 
Results

Bacterial strain identification
A biochemical test provided a preliminary identification of the A hydrophila strain KJ99 (Table 2) ; the bacterium was β-haemolytic in brain heart infusion medium with ovine blood. Its identity was confirmed by the amplification of the extracellular haemolysin gene (ahh1) and the aerolysin gene (aerA) (Fig 1) . The presence of these two genes helped to group the strain in genotype 4, as described by Wang and others (2003) . The amplification and sequencing of the enterotoxin genes (alt and ast) provided 97 per cent and 98 per cent identical deduced amino acid sequences to A hydrophila ALT and AST enterotoxins, respectively.
Biological activities of the extracellular products of A hydrophila strain KJ99
The extracellular products contained 2·39 mg protein/ml, 32 HU/ml and 40 PU/ml. The infectious dose was 11·95 µg/g fish and contained 1·6 HU and 2 PU per fish. Fig 2 summarises the main clinical signs and gross changes shown by white cachama and tilapia hybrids exposed to A hydrophila strain KJ99 or its extracellular products. Briefly, the fish became lethargic and anorectic, with increased respiratory frequency and mucus production. They became excited and disorientated, bumping into the aquarium walls. There was ascites or haemorrhaging in the abdominal cavity. The white cachama expelled blood-stained fluid through the anus and developed superficial haemorrhages. In the tilapia hybrids, folding or wrinkling of the intestinal wall and severe intussusception were commonly observed (Figs 3, 4) .
Clinical signs and gross changes
Microbiology and histopathology
The microbiologial isolates were morphologically and biochemically compatible with A hydrophila strain KJ99 (Table 2) . A diagrammatic representation of the main haemodynamic changes observed in both species of fish inoculated with A hydrophila strain KJ99 or its extracellular products is shown in Fig 5. The systemic changes induced included congestion, leakage of protein from blood vessels, and haemorrhage and detachment of the mucosa in the gastrointestinal tract. Bacteria appeared in the liver vasculature around four hours after inoculation in the tilapia hybrids and after about six hours in the white cachama. Aggregates of leucocytes, thrombocytes and erythrocytes were detected after four hours on the vascular endothelia of both species. Macrophages containing yellow-green pigment appeared in the blood vessels and spleen from two hours onwards. The haemodynamic changes induced in both species of fish by the organism's extracellular products were mild and multifocal.
A diagrammatic representation of the tissue changes during the infection process is shown in Fig 6. The main lesions induced included systemic inflammation and necrosis of the abdominal viscera, especially in organs such as the spleen and the gut. In the latter the nervous ganglia in the serosa were notably involved; the neuronal cells were vacuolated (Fig 7) and had cytoplasmic hyaline inclusions (Fig 8) . Frequently observed lesions included hyaline degeneration and vacuolation of the gastrointestinal muscle layers (Fig 9) , and muscular layer 'rings' in the stomach, suggesting that the muscle cells were in a hypercontractive stage. The extracellular products induced mainly degeneration of haematopoietic cells, including erythrocytes, giving them a rounded, hyaline appearance, particularly in the kidney and spleen, and degeneration and necrosis of other tissues such as the pancreas, and the muscular layers of the gut. The changes induced were mild one hour after inoculation, but the severity and extent of the lesions increased with time and were severe after nine hours in the tilapia hybrids and after 12 hours in the white cachama. Bacterial proliferation was observed in the mesenteries, pancreas, muscle layers of the gut, liver, spleen and kidney, and within leucocytes.
Immunohistochemistry
The optimal dilutions of the primary and secondary antibody were 1:800 and 1:1500, respectively. A distinct staining pattern due to the bacteria was observed from one hour after inoculation (Fig 10) . The intensity of staining increased as the infection progressed, and it was severe after about 10 hours. In the white cachama, the endocardium, spongy myocardium and coronary blood vessels were stained after three hours and became densely stained from 19 hours onwards; the vascular endothelium of their gills became stained after five hours and it was severe after about 12 hours. Bacterial staining was first observed on the serosa of the gut after six to seven hours, and staining was also detected in the muscular layers, becoming severe after seven to nine hours. The staining was associated with detachment and exfoliation of the mucosa after about 12 hours in the white cachama and after about 24 hours in the tilapia hybrids. No staining was observed in the control fish. 
FIG 6: Tissue changes induced in white cachama (Piaractus brachypomus) and tilapia hybrids (Oreochromis species) by Aeromonas hydrophila strain KJ99 and its extracellular products (ECP). A Necrosis of abdominal viscera, B Systemic bacterial proliferation, C Liver degeneration and necrosis, D Hyaline degeneration and vacuolation of gastrointestinal muscle layers, E Stomach muscular layer 'rings' and neuronal cells (nervous plexus) degeneration, F Erythrocytes degeneration (hyaline structures) in spleen and kidney, H Hyaline degeneration of renal tubular cells
PAPERS Discussion
Taken as a whole, the results suggest that the experimental infection targets the gastrointestinal tract, particularly its muscle layers and nervous plexus, and this target may underlie the pathogenesis of the naturally occurring disease.
Identifying an infectious dose that could induce clinical signs and lesions made it possible to begin to understand the pathogenesis of the disease, rather than merely the final effects of an LD50 dose used for virulence studies. The dose of extracellular products was also lower than the lethal dose reported by Santos and others (1988) . A lethal dose does not reveal the continued damage and nature of the disease during the host-pathogen interaction (Casadevall and Pirofski 2001) .
The bacteria and their extracellular products induced the same systemic haemodynamic (microcirculatory) changes in both species of fish, changes that were similar to those described in mammalian septicaemia. Inflammation was more severe with the bacterium, but degeneration and necrosis of the muscle layers of the gut were more severe with the extracellular products. Most of the mediators of the immune-inflammatory response induced by A hydrophila and/or its toxins through its interaction with mammalian leucocytes have been described in fish (Qin and others 2001) . It is therefore not unexpected that the fish developed a response during the septicaemic process similar to that described in mammals.
The clinical signs and gross changes were similar to those described in naturally infected rainbow trout (Aydin and others 1997) , and also in catfish infected experimentally with A hydrophila (Gaines 1972) . There was minor skin haemorrhaging at the injection site and around the anus, the latter a common location for lesions (Gaines 1972) . There was more severe haemorrhaging when blood-stained fluid flowed through the anus of the white cachama five or 10 minutes before the fish collapsed and died. In contrast, the tilapia hybrids often had a severely contorted intestine wall, due to varying degrees of intussusception (Figs 3, 4) .
Similar haemorrhages and blood-stained ascites have been observed in several fish species infected with A hydrophila (Gaines 1972 , Roberts 1993 , Aydin and others 1997 . In the present study, the gut was severely affected in both species and it appeared that there was a gradual increase in its vascular permeability, culminating in haemorrhages into the intestinal lumen and detachment of the mucosa. The muscle layers of the gut showed a pattern of hyaline rings, suggesting a hypercontractive process, with the possibility that the hyperactivity of the muscle cells (culminating in intussusception) was the result of increased activity of the local nervous system. 
PAPERS
In the advanced stages of the infectious process these neurons were degenerate or necrotic (Fig 7) . Lesions in the enteric nervous system and intestinal muscularis similar to those described have been reported in septicaemic and endotoxaemic processes in other species, including horses (Oikawa and others 2007) and rabbits (Hahn and others 2005) . The hyaline inclusions in the cytoplasm of neurons of the myenteric and submucosal plexuses suggest the accumulation of neuronal mediators (Fig 8) . Cytoplasmic vacuolation (Fig 9) and/or nuclear pyknosis have been reported in grass sickness in horses (Obel 1955 , Whitwell 1997 .
The IIP technique revealed a consistently close relationship between the bacteria and the neurons and muscle cells. Myoelectric patterns of intestinal motility induced by enteric bacteria or their toxins have been described in mammals (Husebye and others 2001, Tanabe and others 2004) . These motility patterns are responsible for fluid propulsion in the intestine of animals infected by Escherichia coli, Vibrio cholerae, Salmonella Typhimurium or their toxins (Navarre and Roussel 1996) . The involvement of the local nervous system and the hyperactivity of the muscle layers may be a defence mechanism aimed to eliminate the invading bacteria or their toxic products, a process culminating in the bloody fluid oozing through the anus of the white cachama. Investigations of the patterns of myoelectric activity in the gastrointestinal musculature of fish may help to explain the hypermotility stage proposed in this study.
The extracellular products induced milder haemodynamic changes but more severe tissue changes than the bacteria. Similar results were obtained with the extracellular products of V anguillarum in rainbow trout (Lamas and others 1994) . In contrast, Fouz and others (1995) observed more severe clinical signs and histological lesions with the extracellular products of V damsela than with the live bacteria in Scophthalmus maximus. The severity of the tissue lesions induced in this study may have been due mainly to protease activity. Wang and others (2003) suggested that the cause of the cytotoxicity of Aeromonas species and their extracellular products may be multifactorial and that the products (α-and β-haemolysins, aerolysin, ACT, ALT and AST enterotoxins, proteases and RNases) may be acting either alone or in concert. Nevertheless, the composition of the extracellular products of different strains of A hydrophila could be different, and the culture medium and temperature conditions could also affect their composition (Khalil and Mansour 1997) .
The extracellular products induced larger accumulations of hyaline structures in lymphoid organs than were induced by the bacteria alone. These hyaline structures were accompanied by chromatin fragments and resembled necrotic erythrocytes. Haemolysis of erythrocytes and iron inside splenic macrophages, liver and cranial kidney have been reported during infections with A hydrophila (Grizzle and Kiryu 1993) . However, in this study there was no evidence of complete haemolysis, because the specific staining for free iron was negative. A wide range of biological functions related to the β-haemolysin (aerolysin) of A hydrophila has been described, including haemolytic and proteolytic activities lethal to fish (Khalil and Mansour 1997, Nelson and others 1997) . The severe hyaline changes in the erythrocytes suggest the involvement of a similar toxin to cause such an apoptotic-like death.
The intraperitoneal inoculation of A hydrophila strain KJ99 into tilapia hybrids and white cachama produced haemodynamic changes similar to those observed in the septicaemic process in mammals. The bacterium itself seems to play a significant role in initiating the pathological process, particularly in inducing inflammation. However, some of the extracellular products released during the infection could also play an important role in the pathogenesis, probably inducing degeneration and necrosis (Khalil and Mansour 1997) . The IIP showed that the microorganism colonises and moves forward through the blood vessel walls until it reaches the blood stream to establish a systemic infection. Gross and histopathological changes were found in the gastrointestinal musculature and the local nervous plexus, including intussuceptions not previously reported. The gastrointestinal tract appears to be critically important in the pathogenesis of A hydrophila septicaemia, and may also play a part in other Gram-negative bacterial infections in fish.
